The hot-spot phenomenon is a relatively frequent problem occurring in current photovoltaic generators. It entails both a risk for the photovoltaic module's lifetime and a decrease in its operational efficiency. Nevertheless, there is still a lack of widely accepted procedures for dealing with them in practice. This paper presents the IES-UPM observations on 200 affected photovoltaic modules. Visual and infrared inspection, as well as electroluminescence, peak power rating and operating voltage tests have been carried out. Thermography under steady state conditions and photovoltaic module operating voltage, both at normal photovoltaic system operating conditions, are the selected methods to deal in practice with hot-spots. The temperature difference between the hot-spot and its surroundings, and the operating voltage differences between affected and non-affected photovoltaic modules are the base for establishing defective criteria, at the lights of both lifetime and operating efficiency considerations. Hot-spots temperature gradients larger than 20 °C, in any case, and larger than 10 °C when, at the same time, voltage operating losses are larger than the allowable power losses fixed at the photovoltaic module warranties, are proposed as rejecting conditions for routine inspections under contractual frameworks. The upper threshold of 20 °C is deduced for temperate climates from the basic criterion of keeping absolute hot-spot temperatures below 20 °C.
Introduction
A hot-spot consists of a localized overheating in a photovoltaic (PV) module. It appears when, due to some anomaly, the short circuit current of the affected cell becomes lower than the operating current of the whole, giving rise to reverse biasing, thus dissipating the power generated by other cells as heat. Fig. 1 shows two infrared (IR) images of hot-spots. The anomalies that cause hot-spots can be external to the PV module: shading (Alonso-García et al., 2003; Herrmann et al., 1997; Molenbroek et al, 1991) or dust (Lorenzo et al, 2014);  or internal: micro-cracks (Brun and Melkote, 2009; Buerhop et al., 2012; Garcia et al., 2013; Grunow et al., 2005; Paggi and Sapora, 2013; , defective soldering (Buerhop et al., 2012; Chaturvedi et al., 2013; Gabor et al, 2006; Garcia et al, 2013; Muñoz et al, 2008) , potential induced degradation (Berghold et al., 2013; Hacke et al., 2010) , material imperfections (Vasko et al., 2014) . In general, a hot-spot entails a decrease of the operational efficiency of the PV module. Moreover, when a hot-spot persists over time, it entails a risk for the PV module's lifetime (Buerhop et al., 2012; Garcia et al., 2013; Muñoz et al., 2011; Osterwald and McMahon, 2009; Radziemska, 2003; Simon and Meyer, 2010; Solórzano and Egido, 2014) . Fig. 1 . IR images of hot-spots, (a) General view of a PV array with hot-spots caused by potential induced degradation (suggested by the appearance of a regular pattern), (b) Hot-spot in a PV module caused by micro-cracks. The operating temperature at the hot-spot is 87 °C while the mean temperature of the rest of the module is 53 °C, which represents a temperature difference of 34 °C.
Hot-spots are relatively frequent in current PV generators and this situation will likely persist as the PV module technology is evolving to thinner wafers, which are prone to developing micro-cracks during the manipulation processes (manufacturing, transport, installation, etc.) (Chaturvedi et al., 2013; Gabor et al., 2006; Grunow et al., 2005; Kajari-Schroder et al., 2011; Kontges et al., 2011) . Fortunately, they can be easily detected through IR inspection, which has become a common practice in current PV installations (Auer et al., 2007; Botsaris and Tsanakas, 2010; Buerhop et al., 2011a Buerhop et al., ,b,2012 Hoyer and Buerhop, 2008; Kasemann et al., 2009; King et al., 2000; Muñoz et al., 2011) . However, the impacts of hot-spots on operational efficiency and lifetime have been scarcely addressed, which helps to explain why there is a lack of widely accepted procedures for dealing with hot-spots in practice as well as specific criteria referring to the acceptance or rejection of affected PV modules in commercial frameworks. For example, the hot-spot resistance test included in IEC-61215 (Crystalline silicon terrestrial photovoltaic modules. Design qualification and type approval) is successfully passed if the module resists the hot-spot condition for a period of 5 h, which suggests that this standard addresses transitory hot-spots, as those caused by also transitory shading, but not permanent ones, caused by internal module defects (IEC, 1995) . Along the same lines, the IEC-62446 (Grid connected photovoltaic systems. Minimum requirements for system documentation, commissioning tests and inspection) only states: "A hot-spot elsewhere in a module usually indicates an electric problem [...] In any case investigate the performance of all modules that show significant hot-spots" (IEC, 2009 ). Furthermore, a draft of the IES-60904-12 (Photovoltaic devices: infrared thermography of photovoltaic modules) clearly establishes how to capture, process and analyze the IR images, but still does not set out any PV module acceptance/rejection criteria (IEC, 2014) . The Instituto de Energía SolarUniversidad Politécnica de Madrid (IES-UPM) experience includes many cases of actors in the PV sector, mainly module manufacturers and engineering, procurement and construction companies (EPCC), requesting advice on how to proceed with collections of IR images of affected modules, and whose corresponding contracts lacked the foresight to pose a relevant question: which ones of the affected PV modules should be replaced under the PV manufacturer's responsibility?
The purpose of this paper is to suggest a protocol for the effective treatment of hot-spots in the field, addressing both the lifetime and the operational efficiency of the PV modules. Starting from the observations of 200 affected modules (at two PV plants at Cuenca and Cáceres, Spain) as experimental support, hot-spot observation procedures and well defined acceptance/rejection criteria are proposed, One of the cells is affected by dust, shading or any internal defect that limits its short-circuit current, (b) /-V curves of the affected cell and a non-affected one. The current imposed by the non-defective cells makes the defective cell work in the second quadrant, thus dissipating power and generating a hot-spot.
oriented to their possible application in contractual frameworks.
Fundamentals of hot-spots
For explanation purposes, we first consider the case of a group of n identical solar cells, associated in series and protected by a by-pass diode (Fig. 2a) . The operating conditions: incident irradiance, G, operating cell temperature, T& and polarization voltage, V, are such that a certain current, I & is circulating through these cells. A hot-spot appears in a cell (Fig. 2b ) when some defect (micro-crack, shade, etc.) reduces its corresponding short circuit current, hc,T>, SO that
which forces the cell to operate at a negative voltage,
where subscripts "D" and "ND" refer, respectively, to defective and non-defective cells. Consequent power dissipation heats the defective cell, giving rise to a hot-spot, characterized by the temperature increase of this cell in relation to the non-defective ones, AT HS . In what follows, we will refer to this value as the "hot-spot temperature". The by-pass diode assures V ^ 0, thus limiting the negative biasing and the power dissipation in this cell. Obviously, the maximum hot-spot temperature is then attained when the group is short-circuited or, which is nearly the same, when the bypass-diode is ON. Note that AT HS is directly related to the product I c x r D . In other words, hot-spot temperature mainly depends on the operating voltage and incident irradiance (which modulates I c ), on the defect gravity (which determines 7SC, D) and on the second quadrant I-V characteristic of the defective cell (which modulates V-D). AS this characteristic can substantially differ
Voltage (V) Fig. 3 . Second quadrant /-V characteristics of 7 individual cells of a same PV module (Alonso-García and Ruiz, 2006) . The great dispersion in the second quadrant behavior is notorious. If any of these cells were defective, and considering the value indicated by the horizontal continuous line as the operating current (imposed by the non-defective cells), it can be observed that the derived dissipated power varies about one order of magnitude depending on the particular affected cell.
from one cell to another, even within the same PV module (Alonso-García and Ruiz, 2006), the hot-spot temperature also depends on the particular defective cell. As a representative example, Fig. 3 shows the second quadrant I-V curves of 7 individual solar cells of a same PV module measured by Alonso-García and Ruiz (2006) . It can be observed that power dissipation at a hot-spot can vary nearly an order of magnitude depending on the defective cell (Alonso- García and Ruiz, 2006; Alonso-García et al., 2003; Herrmann et al., 1997 Herrmann et al., ,1998 Muñoz et al., 2011) . The hot-spot temperature can be easily estimated on the assumptions that n > 1 and that heat is homogeneously dissipated over the solar cell surface. Then, it is rather straightforward to deduce that where S is the solar cell surface and C T a thermal dissipation coefficient that can be estimated from the Nominal Operation Cell Temperature (NOCT): However, this is of scarce practical value because heat dissipation is rarely homogeneous over the cell surface, as can be clearly observed in Fig. lb . Obviously, any non-homogeneity translates into AT HS increase, thus worsening the case. More detailed explanations on the relation between power and temperature are found in the literature (Buerhop et al., 2011b; Hoyer et al., 2009) . Now, let us consider the case of a PV module made up of three series associated groups, each made up of n cells and a bypass diode (Fig. 4a) . Note that many currently commercial PV modules respond to this configuration, with n ranging typically from 18 to 24. A defective cell like the one described above does not reduce now the PV module sort-circuit current but becomes an anomalous step in the first quadrant of the I-V and P-V curves (Fig. 4b) .
Again, AT HS depends on the operating voltage of the concerned group, which, in turn, depends on the operating voltage of the PV module. The voltage at the step marks the bypass diode turning ON, and AT HS reaches its maximum for the voltage range below this step. Fig. 5 shows examples of I-V curves of real modules affected by hot-spots. It is worth noting that current at the maximum power point of the defective module, 7M,D, is always lower than that corresponding to the non-defective ones, 7M,ND:
Furthermore, if a module like these is connected in series with many other modules (often between 20 and 30 modules) and the resulting string is connected to an inverter able to impose the Maximum Power Point (MPP), the operating current of the group must range from 7 M ,ND and 7M,D-Then, the larger the number of modules in the series, the closer the operating current will be to 7M,ND-In this situation, the operating voltage of the defective module is well below that corresponding to its MPP. The important thing to remember is that the power loss of a defective PV module is much larger when it works associated to other non-defective modules than when it works alone. A practical consequence of the latter is that this module could pass the standard warranty conditions (referring to the maximum power of the module alone) while failing to deliver the power in practice. Fig. 6 helps us to understand a hot-spot derived phenomenon related to the operating voltage of the PV modules. This fact results from the typical slight current excursion caused by the inverter MPP tracking algorithm, when a defective PV module is integrated into a string with a large number of non-defective ones. Associated voltage excursions in the defective module are much larger than that corresponding to the non-defective ones. Note that the operating voltage differences between defective and non-defective modules, AV HS , also fluctuate following the MPP search. It is worth mentioning that such voltage differences can be easily understood as direct power losses, as the current is common to all the modules in the string.
In turn, these voltage fluctuations translate into AT HS fluctuations. This is visible in Fig. 7 , which shows the records, every 5 s, of AV H s, versus AT HS for one particular defective module at the Cáceres PV plant (measurement details are explained later) over a period of one day. Black dots represent the moments with high and stable irradiance, while gray diamonds refer to unstable or low irradiance periods. Large instability is observed during low and variable irradiance moments (which is obviously also associated to the low AT HS region, below 20 °C) when the MPP algorithms are prone to instability. However, the relationship between AV HS , and AT HS becomes essentially stable in the high irradiance (and so high AT HS ) region, where most of the energy is generated.
These phenomena can also be observed in Fig. 8 , which shows the simultaneous records of the in-plane irradiance (black line) and the operating voltages of 3 modules of the same string (one non-defective, blue dots; and two defective, red and yellow dots). Large voltage excursions in the defective modules become evident. This observation was made at the Cáceres PV plant, at a system with one-axis azimuthal tracking affected by clouds, what explains the evolution of the incident irradiance. The considered string was composed of 22 PV modules associated in series. Two of these modules were affected by hot-spots while the others were not.
Finally, not only defective cells but also defective by-pass diodes can bring about hot-spots. In the latter case, short-circuited diodes give rise to an easily recognizable thermal pattern, consisting of an anomalous hotter band, somewhat like a brushstroke extended over the cells protected by the affected diode, with several cells exhibiting temperature differences of about 5 °C (as these cells are short-circuited, they do not deliver any electrical power, having to dissipate the corresponding power as heat) (Buerhop et al., 2011b) . Furthermore, temperature dispersion between these cells is also expected. This behavior occurs because the solar cells that make up real PV modules are not completely identical, but have a certain electrical characteristic mismatch that becomes a dispersion of voltage. At the short-circuit condition imposed by the 
Voltage (V)
Voltage (V) Fig. 6 . I-V curves of a non-defective (blue) and a defective (red) module.
The maximum power points are marked for each module. It is assumed that the defective module is connected in series with a large number of non-defective ones and the resulting string is connected to an inverter able to impose the maximum power point. Because of the disproportion between the number of defective and non-defective modules, the operation current of the whole string is close to that corresponding to the maximum power of a non-defective module. Sinusoidal signal (1) represents the current oscillations around this value due to the MPP tracking strategy of the inverter. Sinusoidal signal (2) and (3) defective diode, the sum of the voltage of all the cells protected by it is null, leading some cells becoming positive biased and others becoming negative biased. In this situation, the latter are slightly hotter than the former. Fig. 9 shows an example of a PV module with a conducting by-pass diode measured at the IES-UPM facilities. Obviously, despite the temperature difference remaining low, such a module loses effective power, at a ratio equal to the number of defective diodes divided by the total number of diodes. In this work, we have analyzed a sample of 200 defective PV modules from two PV plants located at Cuenca and Cáceres (Spain): respectively, 122 poly-crystalline silicon modules from one single manufacturer (p-Sil) and 78 mono and poly-crystalline silicon modules from two manufacturers (m-Si and p-Si2). These defective modules were selected on the basis of a previous IR report made by the maintenance personnel of the PV plants. Then, we carried out the following tests: visual inspection, IR inspection, electroluminescence (EL), peak power and operating voltage. The Cuenca PV plant (12 MW) has been in operation since September 2011. Hot-spots soon appeared, but the module manufacturer agreed to substitute all the modules exhibiting a hot-spot temperature greater than 30 °C on March 2013. The IR inspection that led to the selection of the sample of defective modules analyzed in this article Fig. 8 . Evolution of the operating voltage of three modules in the same string. From top to bottom: a reference non-defective module (blue) and two modules (red and yellow) with hot-spots of, respectively, medium and severe gravity. In black, the corresponding evolution of the incident irradiance. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) was carried out on June 2013 and the tests performed by the IES-UPM on January 2014. The process was similar for the Cáceres PV plant (8 MW). The operation start-up was in September 2008 and the modules with hot-spot temperature larger than 30 °C were first substituted on June 2010. Then, a new IR inspection lead to the detection of the 78 defective modules on July 2012 and, finally, the complete IES-UPM tests were carried out on May 2013. It is worth noting that, in the case of the Cuenca PV plant, the initial IR inspection was made in summer while the tests were carried out the following winter, while in the case of the Cáceres PV plant both inspections took place near the summer months. We will later discuss the consequences of these differences.
Method

Visual inspection
A detailed visual check was performed to all the concerned PV modules in order to find observable defects.
Infrared inspection
The IR images were obtained by means of an infrared camera , directly in the field, during normal operation and respecting the conditions suggested by the IEA-PVPS-Task 13 experts (IEA, 2014): sunny cloudless days, a minimum incident irradiance of 700 W/m 2 and an angle of view to the module glass plane not lower than 60°. As the relevant parameter in this test is more the temperature difference than the absolute temperature value, imaging can be done at either the front or the back of the module. Just for convenience, we did all of them at the rear. Because of the aforementioned dependence on AT HS with irradiance, it is appropriate to characterize hot-spots through a value normalized to the standard irradiance, G* = 1000 W/m 2 :
An AT h G* where * stands for the Standard Test Conditions (STC). Up to now, there has not been a widely accepted correlation for considering this effect on the heating of PV modules (IEC, 2014) . Nevertheless, we think that there is a certain advantage of assuming that the hot-spot temperature is proportional to the incident irradiance. Non-linearities in the AT HS -G relationship are likely to be small for the relatively narrow irradiance range defined by G > 700 W/m 2 , which is the condition that we have imposed on our IR images.
Electroluminescence
The objective of this test is to analyze the correlation between the portion of isolated area of a cell affected by micro-cracks and the magnitude of hot-spots. The analyses were carried out directly in the field during night using an EL camera (pco.1300 solar, 1.3 (im) and a power source (TTi EX752 M). Each module was polarized in the fourth quadrant at 25% of the STC rated short circuit current. The experiment was carried out in January 2014 and applied only to a smaller sample of 35 PV modules in the Cuenca PV plant, due to the difficulties of implementing this test on site. We have followed the crack type classification proposed by Kontges et al. (2011) , dividing the affected cells into C-type (those exhibiting only background noise for the inactive cell part) and B-type (those exhibiting a reduced intensity but higher than the background noise).
Electrical inspection: power rating
The individual I-V curves of the affected PV modules were obtained with a commercial I-V tracer (Tritec Tri-ka) and extrapolated to STC in accordance with the IEC-60891 (procedure 1), using the current and voltage temperature coefficients given by the manufacturer. The incident irradiance and the operating cell temperature were measured by means of a previously calibrated module of the same technology, used as reference. The operating voltage of the PV module, when working within the PV array, was measured by simply inserting "T" connectors into the module output wires. Then, it was possible to compare the voltage at which the different modules (affected and not affected by hot-spots) were working, as shown in Figs. 7 and 8. The voltage losses as regards the non-defective modules can be understood directly as power losses, as the current is common for all the modules connected in series. Fig. 10 shows examples of visible defects, where micro-cracks cause a current drift and a corresponding heat that leads to the burning of the metallization fingers and to bubbles at the rear of the modules. However, we found observable defects in only a 19% of the concerned PV modules, which is a too weak correlation for considering visual defects as a basis for dealing with hot-spots. Fig. 11 shows the frequency distribution of AT* HS derived from the IR inspection performed in the Cuenca PV plant in January 2014. It must be noted that it does not reflect the total hot-spot occurrence in the PV plant, but only the hot-spots observed some months after the substitution, mentioned above, of all the modules with AT* HS > 30 °C. Hence, as the distribution just after this substitution was supposed to have no elements beyond this value, the appearance of a tail in the distribution is a clear symptom of hot-spot evolution over time (it reflects those modules with AT* HS < 30 °C in March 2013 which have moved to the region beyond 30 °C some months later). On the other hand, we did not observe any PID phenomena (which, as observed in Fig. la , typically lead to a recognizable spatial pattern), thus hot-spots were likely to be caused by internal defects, mostly micro-cracks. In this case, the hot-spot temperature depends on the temperature of the module, as the thermal stress affects the contact resistance between the two sides of the crack. Hence, an evolution of T* HS is to be expected over the year, being larger in summer than in winter, due to a larger expansion. This thermal cycling, also occurring at a daily level, typically entails degeneration, what leads to a probable worsening of hot-spots over time, as it is observed in the figure. However, these are not absolute rules. Each micro-crack is somewhat unique and even an improvement with thermal cycling can be observed . Fig. 12 shows the combined result of these effects. Each point in the graph describes the observed T* HS at two different moments. Fig. 12a shows the evolution at the Cáceres PV plant between July 2012 (average ambient temperature, June have been considered on this occasion. Here, the average AT* HS has decreased by 22%, in an example of seasonal effects overcoming the degradation over time. Fig. 13 shows an example of an EL image obtained in the field and Fig. 14 shows the relationship between the fraction of cell isolated by the micro-crack and the hot-spot temperature.
Electrical inspection: operating voltage
Results
Visual inspection
Infrared inspection
Electroluminescence
We observed that all the modules showing a hot-spot in the summer IR inspections had some micro-crack in the affected cell but none of the cells with B-type cracks generated a hot-spot in winter. Besides, a proportional but very weak trend between the isolated area and AT* HS (R 2 -0.03) was found, even in modules with C-type cracks. The relationship between the isolated fraction area and the power loss of the module, which remained also very weak (R 2 = 0.05), was also analyzed. A possible explanation to these weak correlation is that the contact resistance between the two sides of the micro-crack varies with module temperature and can thus be much larger during the day (when hot-spots are observed) than during the night (when EL images are obtained). Therefore, some areas can be miss-classified if attending to the EL results, leading to an incorrect estimation of the hot-spot problem. Whichever the case, EL images, despite being a very useful tool for quality control during the PV manufacturing processes, are not appealing for dealing with hot-spots in the field. Along similar lines, other authors have observed that the correlation between the number of cell cracks in a PV module and the power loss is very noisy (IEA, 2014).
Electrical inspections: power rating and operating voltage
Around 53%> of the modules presented some anomalies in the I-Vcurve, as steps or an abnormally low fill factor. Fig. 15a shows the relationship between A.T* HS and the power loss with respect to the manufacturer's flash value, for 50 PV modules of the Cuenca PV plant. A high spread can be observed as well as the fact that most of the modules satisfied the usual power warranty condition (typically, 90%> of the nominal rated power output after 10 years). However, this is scarcely representative of their in-field behavior, which is better appreciated through the operating voltage of the module, when working within the PV array. Fig. 15b shows the relationship between the power loss and the operating voltage loss for the same 50 modules. As can be observed, the effective losses are 55%> higher than the power losses when considering the module alone.
Two key observations can be outlined. First, the standard peak power is not a good indicator of the energy production capacity of defective modules, so that it must be disregarded for dealing with hot-spots. Second, the correlation between A.T* HS and A.V* HS and thus, power losses during operation, is positive, but the large dispersion does not allow the correlation at individual levels to be applied. In other words, the power loss of a defective module must be deduced from direct voltage measurements not from thermal observations. Apart from that, Fig. 16 shows the relationship between the normalized hot-spot temperature and the operating voltage loss for a more complete ensemble of the 113 PV modules of the three different manufacturers (78 from the Cáceres PV plant and 35 from the Cuenca PV plant). It can be observed that the behavior is not the same for every manufacturer (neither in the correlation slope nor in the spread around it). The correlation between operating voltage loss and normalized hot-spot temperature is stronger in the case of module p-Sil (R 2 -0.63) and weaker for the cases of modules m-Si and p-Si2. These divergences likely reflect differences in the original material as well as non-uniform degradation affection due to different operation times (3 years in the case of module p-Sil and 5 years for modules m-Si and p-Si2). Whichever the case, this behavior spread is not relevant here.
Discussion
Hot-spots threaten the PV module lifetime, as degradation processes are generally accelerated by temperature. In particular, encapsulate discoloration and browning, and delamination (Jordan et al., 2012; Pern and Glick, 2000; Schlothauer et al., 2012) . However, previous experiences do not allow a clear relation between module temperature and lifetime to be established (Osterwald and McMahon, 2009) . Therefore, in order to set a maximum acceptable value, AT* HSMAX we must rely on intuitive but reasonable approaches. We propose to consider 85 °C, which is the maximum temperature of the thermal cycling tests described in the IEC-61215, as the maximum absolute PV module temperature for acceptance/rejection purposes (Osterwald and McMahon, 2009) . Then, AT* HSJUAX should be thus so as to guarantee that the absolute temperature of the hot-spot remains below that limit. Obviously, the particular value of AT* HSMAX depends on the local climate conditions. As an example, Fig. 17 shows the annual frequency distribution of the day-time operating temperature of non-defective PV modules in the Cuenca PV plant, which can be considered as representative of a temperate climate (characteristic of Southern Europe and some parts of USA, Australia or South America). The maximum cell temperature is 70 °C and the 99-percentile temperature is 65 °C. As these high temperatures are also associated to high irradiances, setting AT* HSMAX = 20 °C would limit the time above 85 °C to around 40 h a year (1% of the daytime) for these climate conditions, which seems a reasonable commitment. Moreover, it avoids reaching 100 °C, which has been sometimes suggested as an absolute maximum for preventing early degradation (Lathrop et al., 1982) . Therefore, AT* HSMAX = 20 °C could be reasonably considered as an upper limit for the normalized hot-spot temperature, at least in temperate climates.
On the other hand, it should be mentioned that slight temperature differences also appear in non-defective modules, mainly due to differences in heat dissipation. It is to be expected that the module will be hotter around the junction box than in the rest of it, as heat conduction to the surrounding environment is more difficult. It is also normal for the PV modules to see a temperature gradient at the edges and supports. Consequent temperature differences of about 5 °C have been noted as typical (Buerhop et al., 2011a) . Moreover, certain operating temperature dispersion within the cells of a same module is attainable, as the cell operation voltage is not fully homogenous, even among non-defective cells. Based on the IES-UPM in-field experience, we propose AT* HSMAX = 10 °C (roughly, 4 °C due to possible voltage variations and 6 °C due to dissipation differences) as a minimum threshold to consider the PV module as possibly defective.
As regards energy losses, it seems logical to just extend the application of usual warranties to defective modules. Hence, it is proposed to reject any module exhibiting hot-spots whose corresponding voltage losses (in relation to a non-defective module being part of the same string), within the PV system in normal operation, exceeds the allowable peak power losses fixed at standard warranties. This is also applicable to PV modules with defective by-pass diodes, regardless the derived hot-spot temperature.
Proposal
The following procedure is proposed as a practical in-field approach to accomplish IR imaging inspection:
(1) Assure G > 700 W/m 2 and an angle of view not less than 60° to the module glass plane.
(2) Perform the analyses in summer, preferably on the hottest days. (3) Normalize the hot-spot temperature, AT HS , considering a lineal relation with the irradiance.
Then, for every PV module with a hot-spot, the following is proposed:
(1) If ÁT* HS < 10 °C, to consider the module non-defective, except in the case that one or more by-pass diodes are defective. (2) If AT* HS < 20 °C, to consider the module defective. (3) If 10 °C < T* HS < 20 °C, to consider defective all the modules with an effective power loss (measured as a decrease in the operating voltage in relation to a non-defective module of the same string) that exceeds the allowable peak power losses fixed at standard warranties. Fig. 18 shows the application of this proposal to the sample of modules tested in this work. In this case, manufacturer warranty 90% of the nominal rated power output after 10 years, so 10% is the maximum allowable power loss. The figure is divided in 4 regions: A, B, C and D. Modules in region A are considered non-defective, because their hot-spot temperature is not relevant. The modules in regions C and D are considered defective due to low power and lifetime threatening temperatures, respectively. The case of the modules in region B is less straightforward, because these modules are possible candidates for a hot-spot problem, but this problem is not evolved enough to imply a significant power loss. Therefore, these modules are not rejected, but they should be inspected again after one year.
The here proposed restrictions for IR imaging inspection assure that the modules are analyzed under the most unfavourable circumstances, trying to ease the classifying process. However, as observed in Fig. 18 , almost a 20%> of the modules (those in region B) will be considered non-defective for the moment, as they are in a high uncertainty area. Even in the case in which all of them will be Fig. 18 . Application of the proposed criteria to the sample of modules analyzed in previous sections. Modules in region "A" are considered nondefective, because their hot-spot temperature is not relevant. Modules in region "B" are considered non-defective, as the hot-spot is not evolved enough to imply a significant power loss, but they should be inspected again after one year. Modules in regions "C" and "D" are considered defective due to low power and lifetime threatening temperatures, respectively.
finally defective (type II error when establishing a null hypothesis that considers the module as defective), the method will have correctly classified the suspicious elements in more than the 80%> of the cases. Furthermore, as the common practice in PV plants is to do an annual IR revision, those modules in the uncertainty region will be then reexamined and possibly classified as defective, as a result of the hot-spot worsening tendency over time, thus increasing the final effectiveness of the method. Other authors have also reached similar conclusions (Buerhop etal., 2011b) . Finally, it is worth mentioning that this procedure and these acceptance/rejection criteria have already been applied by the IES-UPM when mediating in conflicts between module manufacturers and EPC over hot-spots problems during the last years.
Conclusion
Although hot-spots are a relatively frequent phenomenon in current PV generators and will likely persist in the next years, there is still not a widely accepted reference on how to face this problem within commercial frameworks. This paper has reviewed hot-spot related phenomena, paying particular attention to the fact that hot-spot appearance entails also operation voltage losses at the concerned PV module. Then, supported by experimental observations on 200 PV modules exhibiting hot-spots, the paper proposes a practical in-field approach to accomplish IR imaging inspection and straightforward acceptance and rejection criteria that address both the lifetime and the operational efficiency of the modules. First, hot-spots are characterized by the temperature increase in relation with the surroundings of the affected solar cells and normalized to the STC irradiance (1000 W/m 2 ). Then, normalized hot-spot temperatures fewer than 10 °C are considered as not problematic, as they are caused by convective heat transfer and slight solar cells mismatch. On the other hand, those over 20 °C should imply a module rejection, as they entail significant probability of hot-spot absolute temperature exceed 85 °C. Those PV modules with hot-spot temperatures between 10 °C and 20 °C will be considered defective only if they have an effective power loss (measured as a decrease in the operating voltage in relation to a non-defective module of the same string) that exceeds the allowable peak power losses fixed at standard warranties.
